OBJECTIVEdThis study evaluated the sex-specific association of plasma fetuin-A levels with prevalent and incident type 2 diabetes in community-dwelling older adults.
T ype 2 diabetes is now epidemic. In the U.S., there are 1.5 million incident cases annually, and the prevalence in 2011 was almost 26 million (1). Type 2 diabetes is a heterogeneous disorder that results from the complex interplay of genetic susceptibility and lifestyle choices, leading to insulin resistance and impaired b-cell function (2) . Available data suggest that glucose regulation and the pathophysiology of diabetes show sex differences that may be particularly relevant in older adults (2) (3) (4) (5) . For example, a markedly higher prevalence of postchallenge hyperglycemia has been reported in older women compared with that in older men, whereas fasting hyperglycemia is more common in older men than in older women (6) (7) (8) (9) (10) .
Fetuin-A is a protein secreted primarily by the liver that regulates insulin signaling (11) and circulates in higher concentrations in women than in men (12) (13) (14) (15) . Only two proteins are known to bind directly to the extracellular domain of the insulin receptor: insulin and fetuin-A. Experimental evidence indicates that fetuin-A binding inhibits the insulin receptor tyrosine kinase (16) and induces insulin resistance in skeletal muscle and fat (11) . In epidemiologic studies, we and others have shown that higher fetuin-A levels are associated with the development of type 2 diabetes independent of established markers of insulin resistance and diabetes risk factors (13, 14, 17, 18) .
To date, no epidemiologic studies have comprehensively investigated the association of fetuin-A with measures of glucose homeostasis and prevalent and incident diabetes among older men and women from the same population. Examining associations at various stages of the pathway to diabetes may provide novel insights into the biological interaction between this unique liver protein and the development of diabetes in older adults.
In this study, we examined the sexspecific association of plasma fetuin-A levels with prevalent and incident type 2 diabetes among community-dwelling older adults from the Rancho Bernardo Study. We used data from a baseline oral glucose tolerance test to examine the influence of glucose homeostasis as well as a number of other potential mediators and confounders on study findings. Based on the existing literature, we hypothesized that higher fetuin-A levels would be associated with dysglycemia and increased risk of diabetes in both older men and older women.
RESEARCH DESIGN AND METHODS

Study population
Between 1972 and 1974, communitydwelling residents living in Rancho Bernardo, California, 30-79 years of age, were invited to participate in a study of heart disease risk factors; 82% enrolled. Nearly all were middle-to upper-middle class and relatively well-educated. Since, research clinic visits have been conducted at ;4-year intervals. The present analysis included individuals who participated in the 1992-1996 clinic visits. The study was approved by the Institutional Review Board of the University of California San Diego, and all participants gave written informed consent.
Of the 1,781 participants who attended the 1992-1996 visits, 39 were excluded for insufficient stored plasma for fetuin-A determination and 27 for missing covariates, resulting in sample sizes of 672 men and 1,043 women for the prevalent diabetes analysis. Of these 1,715 participants, 241 were lost to follow-up for incident diabetes. On average, participants lost to follow-up were older (79.8 vs. 70.0 years, P = 0.008) and had lower age-adjusted fetuin-A levels at baseline (0.489 vs. 0.523 g/L, P , 0.001) compared with those followed; 82% of loss to follow-up was caused by death. These individuals, as well as those with prevalent diabetes at baseline (n = 242), were excluded, resulting in sample sizes of 477 men and 782 women for the incident diabetes analysis.
Clinical measurements
During the 1992-1996 clinic visits, information regarding medical history, medication use, physical activity, alcohol consumption, and current smoking was obtained through standard questionnaires. Current medication use was validated by examination of pills and prescriptions brought to the clinic for that purpose. BMI and waist-to-hip ratio (WHR) were used as estimates of overall and central adiposity, respectively. Percent body fat was determined by full body dual energy X-ray absorptiometry scan. Blood pressures were measured twice while participants were seated, according to the Hypertension Detection and Follow-Up Program protocol (19) , and the mean used in the analyses.
A 75-g oral glucose tolerance test was administered between 0730 and 1100 h after a minimum 8-h overnight fast. Blood samples were drawn by venipuncture at 0 and 2 h, and serum and plasma were separated and frozen at 2708C. Plasma glucose was measured by the glucose oxidase method, and insulin concentration was determined by radioimmunoassay in a diabetes research laboratory. Fetuin-A concentrations were measured in duplicate in 2010 from archived fasting EDTA plasma samples with a human ELISA kit (Epitope Diagnostics, San Diego, CA). This assay uses a two-site sandwich technique with polyclonal antibodies that bind different epitopes of human fetuin-A. Intra-and interassay coefficients of variation were 2.4-4.7% and 9.5-9.9%, respectively, for the set of assays used for the present sample.
Prevalent conditions and incident diabetes assessment Impaired fasting glucose (IFG) was defined as a fasting plasma glucose level of 100-125 mg/dL and impaired glucose tolerance (IGT) as a 2-h postchallenge glucose level of 140-199 mg/dL. Prevalent diabetes was defined by self-report of physician diagnosis, fasting plasma glucose $126 mg/dL, 2-h postchallenge glucose $200 mg/dL, or use of diabetes medications. Incident diabetes was defined as any of the prevalent diabetes criteria with the exception of postchallenge glucose, which was not available at followup. Incident diabetes was assessed at five follow-up clinic visits and by four mailed questionnaires over a maximum 15-year follow-up period.
Prevalent cardiovascular disease (CVD) was defined as physician-diagnosed myocardial infarction, coronary artery revascularization, congestive heart failure, stroke or transient ischemic attack, carotid artery surgery, peripheral arterial surgery, or physician-diagnosed intermittent claudication. The metabolic syndrome was defined according to 2002 Adult Treatment Panel III criteria (20) . Kidney function was assessed by the estimated glomerular filtration rate (eGFR) based on the Modification of Diet in Renal Disease equation (21) and by the albumin-to-creatinine ratio (ACR). The homeostasis model assessment for insulin resistance (HOMA-IR) was used to estimate insulin resistance (22). Insulin resistance was defined as a HOMA-IR .75th percentile for the study population.
Statistical analysis
Initial combined analyses revealed strong interactions for sex and fetuin-A for both prevalent (P = 0.007) and incident (P = 0.020) diabetes; therefore, all analyses were stratified by sex. Fetuin-A concentration was entered into models as a firstorder continuous variable after screening for thresholds and curvilinear associations. The association between fetuin-A and baseline characteristics was evaluated by Pearson correlation coefficient. HDL cholesterol, triglyceride, aspartate transaminase (AST), and alanine transaminase (ALT) levels were log-transformed to reduce the influence of outliers; reported values are geometric means and interquartile ranges. The age-adjusted association of fetuin-A with baseline glycemic status was assessed by ANCOVA.
The association of fetuin-A with prevalent diabetes was determined by logistic regression; the association with incident diabetes was assessed by Cox proportional hazards regressions. Risk estimates for both outcomes are presented per a sex-specific SD (0.10 g/L for both sexes) increment in fetuin-A. Model assumptions were validated using standard statistical methods. Three successive regression models were evaluated. The first adjusted for age and use of oral estrogens (on the basis of our earlier studies that showed higher fetuin-A levels in women taking oral estrogens versus those not taking estrogens [12, 23] ). The second added adjustment for adiposity and lifestyle, and the third added other diabetes risk factors. Separate secondary models tested the influence of potential confounders and mediators by adding each variable separately to the fully adjusted base model. Biologically plausible effect modifiers were individually tested by interaction terms on a multiplicative scale in both the logistic and the proportional hazards regression models.
All P values presented are two-tailed, with P , 0.05 considered statistically significant for all analyses, including the interaction terms. Data were analyzed using STATA version 12.0 (Stata Corp., College Station, TX) and SPSS version 15 (IBM Corporation, Chicago, IL) statistical software.
RESULTS
Baseline characteristics
The mean age of the 1,715 participants was 71.3 years; 61% (n = 1,043) were women of whom 401 (38%) reported current oral estrogen therapy. Fetuin-A levels were highest in women taking oral estrogens (median 0.54 g/L, interquartile range 0.47-0.63 g/L), intermediate for women not taking oral estrogens (0.51, 0.44-0.58), and lowest for men (0.50, 0.44-0.56) (P , 0.001 for all comparisons). Baseline characteristics and the correlation of individual variables with fetuin-A levels are shown in Table 1 . In general, fetuin-A associations were similar for men and women. Triglycerides, total cholesterol, BMI, and waist circumference showed the strongest positive associations with fetuin-A, whereas age care.diabetesjournals.org DIABETES CARE, VOLUME 36, JULY 2013
and HDL cholesterol showed the strongest negative associations. Men and women with the metabolic syndrome had higher fetuin-A levels, whereas those with prevalent CVD had lower fetuin-A levels.
Fetuin-A levels by glucose tolerance status Figure 1 shows age-adjusted fetuin-A levels by glucose tolerance status at baseline (Fig. 1A) and in nondiabetic participants in whom incident diabetes did and did not develop during follow-up (Fig. 1B) . Compared with women with normal glucose tolerance (NGT), age-adjusted levels of fetuin-A were elevated in women with isolated IGT (P = 0.019) or IGT plus IFG (P = 0.030) and were highest in women with prevalent diabetes (P , 0.001). Fetuin-A levels did not differ by IFG in women (P = 0.81) and did not vary by any measure of glucose tolerance status in men. Baseline fetuin-A levels were also significantly higher in women (P = 0.008), but not men, in whom incident diabetes developed during follow-up compared with those who remained diabetes free (Fig. 1B) .
Fetuin-A associations with prevalent and incident diabetes At baseline, 113 (17%) men and 129 (12%) women had prevalent diabetes. Overall, 42% (n = 102) of prevalent cases were based on postchallenge glucose alone, 4% (n = 9) on fasting glucose alone, and 38% (n = 92) only on self-report of physician diagnosis; the remaining 16% (n = 39) were based on more than one criterion. During the median 9.1-year follow-up, incident diabetes developed in 32 women and 53 men. Overall, 33% (n = 26) of incident cases were based on fasting plasma glucose, 13% (n = 11) on the use of diabetes medications, and 52% (n = 44) on selfreport of physician diagnosis; four cases were based on combined criteria. The distribution of diagnostic categories that identified cases of prevalent and incident diabetes did not differ significantly by sex (x 2 P . 0.17), although the proportion of prevalent cases identified by postchallenge glucose alone was higher in women than in men (48 vs. 35%, P = 0.047). Table 2 presents odds ratios (ORs) for prevalent diabetes and hazard ratios (HRs) for incident diabetes per SD (0.10 g/L) higher fetuin-A level. Among women, each SD higher fetuin-A level was associated with a 79% greater odds of prevalent diabetes and a 66% greater risk of incident diabetes, adjusting for age and oral estrogen therapy. Risk estimates for women were only modestly attenuated in sequential models that added adjustment for alcohol consumption, current smoking, exercise, BMI, and WHR (model 2) and other diabetes risk factors (triglycerides, HDL cholesterol, and systolic and diastolic blood pressures) (model 3). In contrast, among men, a positive association was suggested in age-adjusted models, but risk estimates were attenuated to one in multivariable models.
In secondary models, individually adding adjustment for HOMA-IR, fasting plasma glucose, 2-h postchallenge glucose, eGFR, ACR, albumin, or liver enzymes (ALT, AST, and g-glutamyl transpeptidase [GGT]) to the multivariable base model (model 3) had minimal influence on results in either sex, with one exception. In women, adjusting for postchallenge glucose attenuated associations to nonsignificance for both prevalent and incident diabetes. Separate added adjustment for height and percent fat mass did not alter results for either diabetes outcome in either sex (data not shown).
Modifiers of the fetuin-A-diabetes associations
Next we examined whether the associations of fetuin-A with prevalent and incident diabetes differed across strata of selected risk factors (Table 3 ). For women, the association of fetuin-A with prevalent diabetes was stronger for those with insulin resistance compared with those without (P for interaction = 0.041). An interaction was also observed for fasting glucose such that each SD (0.10 g/L) higher fetuin-A level was associated with a nearly fourfold higher risk of incident diabetes in women with fasting glucose .100 mg/dL, but this was not significantly related to diabetes risk in women with lower fasting glucose levels (P for interaction = 0.039). There was no statistical evidence of effect modification by age, prevalent CVD, or oral estrogen therapy. Among men, the association of fetuin-A with prevalent and incident diabetes was similar across all subgroups except for prevalent CVD status. An SD (0.10 g/L) higher fetuin-A level was associated with a 70% greater odds of prevalent diabetes for men with prevalent CVD but was not related to prevalent diabetes among care.diabetesjournals.org DIABETES CARE, VOLUME 36, JULY 2013men without known CVD (P for interaction = 0.022).
CONCLUSIONSdIn this cohort of white community-dwelling older adults, we observed a strong and persistent sex difference in the association of fetuin-A with stages of glucose tolerance, prevalent diabetes, and the development of new diabetes over a median 9-year follow-up. An SD greater fetuin-A level was associated with 66% higher odds of prevalent diabetes and a 79% greater risk of incident diabetes in women but was not related to diabetes in men. This sex difference extended to prediabetic conditions; women, but not men, with IGT had elevated fetuin-A concentrations compared with their counterparts with NGT. These findings were independent of established diabetes risk factors and markers of liver function and chronic kidney disease, with one notable exception: Adjustment for postchallenge glucose concentrations attenuated associations with prevalent and incident diabetes in women. Evidence of sex differences in the regulation of glucose homeostasis and the primary risk factors for diabetes is accumulating, particularly for older adults. Early studies in the Rancho Bernardo cohort showed that more than one-half of type 2 diabetes cases would be undiagnosed without a glucose tolerance test, that a diagnosis based solely on postchallenge hyperglycemia was more frequent in women than in men (comprising more than one-half of diabetes diagnoses in women when a glucose tolerance test was included), and that older women had more pronounced glucose intolerance but lower fasting glucose concentrations than men (9, 10, 24) . A markedly higher prevalence of IGT in older women than in older men, contrasted with more IFG in men than in women, has been observed in epidemiologic studies from various countries around the world, including Germany (25), Mauritius (6), Denmark (7), and England (26) . Although the precise mechanisms underlying these sex differences remain uncertain, Basu et al. (4) observed higher rates of both glucose appearance and glucose disappearance in response to a fixed meal in elderly women than in elderly men.
Consistent with prior epidemiologic studies (27) (28) (29) , fetuin-A levels were positively associated with insulin resistance in both sexes in the current study. Several lines of evidence suggest that IGT may be a specific link between fetuin-A and type 2 diabetes, especially for older women. First, in this and prior studies (30, 31) , fetuin-A levels are elevated in middle-aged and elderly individuals with isolated IGT but are not related to IFG. Second, the association of fetuin-A with IGT in the current study was only observed in women, and IGT is more common in older women than in older men (6, 7, 10, 25, 26) . Third, postchallenge glucose was the only risk factor among many tested that explained a significant proportion of the association of fetuin-A with both prevalent and incident diabetes in the women in this study. The apparently dominant role of IGT in defining diabetes in older women, whereas IFG seems to be more important for older men, may explain the absence of an association of fetuin-A with diabetes in the men in this study.
The sex differences identified in the current study conflict with earlier epidemiologic studies. A link between elevated fetuin-A levels and the development of type 2 diabetes was first reported in 2008 in our pilot study of older white and black adults from the Health, Aging, and Body Composition (Health ABC) population (17) and in a larger study of middle-aged adults from the European Prospective Investigation into Cancer and Nutrition (EPIC)-Potsdam study (14) . We recently confirmed these early findings with data from the Cardiovascular Health Study among communitydwelling adults aged $65 years. Higher fetuin-A levels predicted incident diabetes regardless of sex, race, or prevalent CVD status (13) . Effect modification by sex was also examined in the Health ABC and EPIC-Potsdam studies, and none was found. The Health ABC was a pilot study, and the sample size may have been limiting. The EPIC-Potsdam study and Cardiovascular Health Study were not able to exclude prevalent diabetes cases on the basis of postchallenge glucose alone, and incident diabetes cases in EPIC-Potsdam were identified by self-report and examination of medical records without fasting glucose measurements; thus, undiagnosed cases may have confounded identification of sex differences in these studies. It is also notable that the Rancho Bernardo Study population is distinct in its high degree of racial and socioeconomic homogeneity, which may have reduced sources of confounding and optimized our ability to detect sex differences. Consonant with findings from the EPIC-Potsdam study (14) , the association between circulating fetuin-A and incident diabetes in the current study was modified by fasting glucose levels, but only in women. Higher fetuin-A levels were associated with an increased risk of diabetes among women whose fasting glucose levels fell to within the prediabetic range but were not related to diabetes among women with normal glucose levels, suggesting that fetuin-A elevation might be more important later in the progression to diabetes.
The clinical implications of the current findings are uncertain. Although evidence from this study along with that from several others strongly suggests that fetuin-A is an independent marker of type 2 diabetes risk in humans, whether the relation is causal is still unknown. The fact that the gene encoding fetuin-A is located on chromosome arm 3q27, a region mapped as a diabetes susceptibility locus (32) , supports a role for fetuin-A in the regulation of glucose homeostasis. That plasma fetuin-A levels and protein expression are increased in fatty liver disease (29) , a strong predictor of diabetes (33) , also points to a role for fetuin-A in the pathogenesis of diabetes. Nonetheless, experimental evidence that selective lowering of fetuin-A levels improves insulin sensitivity and reduces the risk for type 2 diabetes in humans is still lacking. More investigations are needed to determine whether fetuin-A is a viable target for diabetes prevention or treatment.
The strengths of this study are its prospective design, the relatively large sample size, inclusion of both sexes, and the availability of measurements of a wide spectrum of potential mediators and confounders. Our ability to accurately identify prevalent diabetes cases was enhanced by having postchallenge glucose concentrations at baseline. The study also has important limitations. Associations were based on fetuin-A concentrations measured at a single time point; nonetheless, we identified a strong signal for both prevalent and incident diabetes in women that was robust to statistical adjustment for multiple covariates. Because the number of diabetes cases in this study was relatively small, it is possible that the findings, including the sex differences, were due to chance. Like most epidemiologic studies, postchallenge glucose levels were not available at follow-up, which may have exerted a stronger limitation on incident diabetes diagnosis in women than in men but is unlikely to account for the sex-specific associations. We also had no information on family history of diabetes, which may have confounded results, but whether this is the case to a greater degree in one sex than the other is not clear (34) . Finally, the majority of participants were white elderly men and women, and the results may not generalize to younger adults or those of different races/ethnicities.
In conclusion, higher fetuin-A levels were associated with IGT and prevalent and incident type 2 diabetes in communitydwelling older women independent of most established and several emerging diabetes risk factors. Fetuin-A levels were not associated with IGT or diabetes prevalence and incidence in men. If the findings are substantiated in larger epidemiologic studies with postchallenge glucose levels available, these sex-specific fetuin-A associations may provide new insights into mechanisms responsible for sex differences in glucose homeostasis and diabetes risk with advancing age.
